Obesity is associated with an increased risk of diabetes mellitus, hypertension, and coronary artery disease; however, the relation between body mass index (BMI) and the risk of all-cause mortality is controversial. We prospectively examined the relationship between BMI and all-cause mortality in 123,384 Chinese men and women who participated in the Kailuan health examination study from 2006 to 2007 and 2008 to 2009. Cases included 6218 deaths (5770 men and 448 women) that occurred during a mean followup period of 7.39 years. Relative risk was adjusted for factors such as age, serum lipid levels (ie, triglyceride, high-density lipoprotein, and low-density lipoprotein cholesterol), history of smoking and drinking, and physical activity, as well as a medical history of hypertension, diabetes, myocardial infarction, and stroke. Within the cohort, the lowest risk of all-cause mortality was seen among persons with a BMI of 24 to 28 kg/m 2 in male, and the risk was elevated among persons with BMI levels lower or higher than that range. Moreover, all-cause mortality was greatest in the group with a BMI of <18.5 kg/m 2 . In contrast, in female, a high BMI was associated with increased mortality, and a BMI of <18.5 kg/m 2 was associated with the lowest risk. Further, a U-shaped association was seen between BMI and the risk of death from any cause among men and women, even after adjusting for confounding factors. In conclusion, underweight was associated with a substantially increased risk of all-cause mortality in males. The excess risk of allcause mortality with a high BMI, however, was seen among females.
Introduction
Obesity is a risk factor for numerous health problems, [1] and the prevalence of obesity continues to increase worldwide. [2] The Chinese population is no exception, with the 2009 China Health and Nutrition Survey measuring the prevalence of obesity to be 10.7% in Chinese adults. [3] Increased body weight is associated with a reduced life expectancy as well as early development of cardiovascular disease. [4] Obesity was estimated to indirectly cause 3.4 million deaths in 2010. [5] Although a number of studies have demonstrated an association between obesity and a higher risk of hypertension, diabetes mellitus, myocardial infarction (MI), and stroke, several studies have shown conflicting results. Stamler et al demonstrated that lean hypertensive patients (body mass index [BMI] <22) have increased 8-year mortality when compared with those who are overweight and hypertensive. [6] A recent study in diabetic patients showed that being overweight was associated with a lower mortality risk in contrast to low body weight patients. [7] Lower mortality and lower risk of readmission for recurrent stroke have been reported for obese stroke patients. [8] The term "obesity paradox" refers to the observations above, that although obesity is a major risk factor in the development of several diseases such as hypertension, diabetes mellitus, and stroke, obese patients have a survival benefit. [9, 10] Limited data exist concerning obesity and mortality in Chinese adults. Therefore, we aimed to clarify the association between BMI and mortality by studying a large Chinese cohort.
Methods

Study designs and population
The Kailuan study is a prospective cohort study and workforce survey. The data were obtained from health examination of the employees of the Kailuan Company in Tangshan city, which is a large and littoral modern city located in the central section of the circulating Bohai Sea Gulf region. The Kailuan community is a functional and comprehensive community owned and managed by Kailuan Group. There are 11 hospitals responsible for the health care of the community. From June 2006 to September  2007 and June 2008 to September 2009, the Tangshan Kailuan  Company sponsored two health examination studies for all  126,847 employees. The participants met the following criteria: age ≥18 years; provided informed consent; and updating their health status every 2 years according to the follow-up protocol until December 2014. Among these subjects, we excluded patients who had incomplete medical history (n = 2911), who were pregnant (n = 109), or who had a history of cancer (n = 443). A total of 123,384 employees (98,637 males and 24,747 females) were identified who met inclusion criteria. Then, we followed these participants above from the baseline examination that were included between June 2006 and September 2007 or between June 2008 and September 2009 through December 31, 2014, or to the data of death or otherwise lost to follow-up. The diagnosis of all-cause death was determined and recorded. Information on death was collected from death certificates from state vital statistics offices. All participants underwent questionnaire assessment, clinical examination, and laboratory assessment. Data for the employees aged 18 to 98 years (50.6 ± 12.86) were analyzed.
Standard protocols were used in all the physical examination measurements, which were performed by specially trained doctors and nurses. The study was performed according to the guidelines of Helsinki Declaration and was approved jointly by the Ethics Committee of the Kailuan General Hospital, Beijing Chaoyang Hospital. Written informed consent was obtained from all participants.
Questionnaire assessment
Questionnaires were administered by research doctors in person. Demographic and socioeconomic data as well as medical history including alcohol consumption, smoking status, and physical activity were obtained. Smoking status was classified using selfreported information as "never," "former," "current," or "daily." Physical activity was evaluated from responses to questions about the frequency of physical activity at work and during leisure time. Individuals were classified as "very active (≥80 min/week)," "moderately active (1-79 min/week)," or "inactive (0 min/week)." A history of stroke, MI, or tumor was defined as any self-reported previous physician diagnosis of stroke, MI, or tumor. Alcohol consumption was defined as a daily consumption of at least 100 mL of moderate pure alcohol (≥50%) per day in the recent year.
Anthropometric measurements
Height was measured to the nearest 0.1 cm using a portable stadiometer and weight was measured to the nearest 0.1 kg using calibrated platform scales. All the individuals were measured while they were wearing light clothing without shoes and hats. BMI was calculated as body weight (kg) divided by the square of height (m 2 ). According to Chinese guidelines for overweight and obesity, the BMI criteria (<18.5, 18.5-<24.0, 24.0-<28.0, ≥28.0 kg/m 2 ) was used to classify individuals as underweight, normal, overweight, and obese, respectively. [11, 12] 
Clinical measurements
Blood samples were obtained from the antecubital vein and transfused into vacuum tubes containing ethylenediaminetetraacetic acid in the morning after an overnight fasting period. Tubes were centrifuged at 3000g for 10 minutes at room temperature. After separation, plasma samples were used within 4 hours. Fasting blood glucose (FBG) was measured with the hexokinase/ glucose-6-phosphate dehydrogenase method. Total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and lowdensity lipoprotein cholesterol (LDL-C) were measured by an enzymatic method (Mind Bioengineering Co. Ltd, Shanghai, China; interassay coefficient of variation <10%). All the blood variables were measured using an autoanalyzer (Hitachi 747; Hitachi, Tokyo, Japan) at the central laboratory of the Kailuan General hospital.
Statistical analyses
Statistical analyses were performed using SPSS 13.0 (SPSS Inc, Chicago, IL). Continuous data were expressed as mean ± standard deviation and compared using Student t test. Enumeration data were expressed as a percentage. Categorical variables were described by percentages and compared using the x 2 method. The cumulative all-cause mortality was calculated using the Kaplan-Meier method, and the difference in cumulative hazard risks was compared using the Log-Rank test. Cox proportional hazard models were used for multivariate analyses of all-cause mortality. All statistical tests were 2-sided, and P < 0.05 was accepted as statistically significant. Natural cubic spline functions were used to model the association between BMI and all-cause mortality.
Results
Clinical characteristics
After exclusion, analyses were confined to the 123,384 participants (97.27% of the original cohort), which included 98,637 men and 24,747 women. The age of employees was between 18 and 98 (mean of 50.6 ± 12.86) years. Figure 1 shows the age distribution of study subjects by 5-year group. Additionally, those subjects older than 60 years are retire. Table 1 shows the baseline characteristics of the participants. Baseline BMI was stratified into 4 categories, with cutoff points at 18.5, 24, and 28 kg/m 2 . For all participants, BMI strongly correlated with a history of hypertension, diabetes, MI, and stroke, for all BMI categories, except for the overweight group (BMI ≥28 kg/m 2 ). There were significant differences in age, percentage of male, the level of TC/HDL-C/LDL-C/FBG, history of smoking, history of drinking, exercise, working environment, and education among 4 categories with different BMI (Table 1) .
Association between BMI and all-cause mortality
For all participants, the mean follow-up time was 7.39 years. During this period, there were 6218 deaths, which included 5770 men and 448 women. The all-cause mortality varied substantially among the 4 BMI categories. The numbers of deaths were 226, 2447, 2455, and 1090, with rates of death from all causes at 9.2%, 5.2%, 4.8%, and 4.8%, according to different BMI categories, respectively. For each category, male deaths numbered 218, 2279, 2283, and 990 with all-cause mortality rates of 12.7%, 6.4%, 4.1%, and 5.3%, respectively. Female deaths numbered 8, 168, 172, and 100, with all-cause mortality rates of 0.9%, 1.5%, 2%, and 2.5%, according to the different BMI categories, respectively (Fig. 2) .
Using proportional hazards (Cox) regression analysis, hazard ratios (HRs) of all-cause mortality in underweight, overweight, and obesity were 1.37 (1.19-1.57), 0.93 (0.88-0.97), and 1.03 (0.96-1.10), respectively. The trend of HR values was similar in male. However, HR values of the all-cause mortality in underweight, overweight, and obesity were 0.96 (0.48-1.99), 0.96 (0.77-1.18), and 1.14 (0.89-1.45), respectively, relative to normal weight in female. However, examining BMI as a continuous variable, there was a U-shaped association between BMI and the risk of all-cause mortality among general participants, men and women, even after adjusting for age, level of triglyceride, HDL and LDL-C, history of smoking and drinking, level of physical activity, medical history of hypertension, diabetes mellitus, MI, and stroke (Table 2 and Fig. 3 ). The association of BMI with all-cause mortality was similar when analyses were repeated stratifying by age and chronic diseases including hypertension, diabetes mellitus, MI, or stroke (Tables 3  and 4 ). The results of our sensitivity analysis confirmed these findings (Supplemental Table, http://links.lww.com/MD/B203).
Discussion
The aim of this large prospective study was to examine the association between BMI and all-cause mortality to guide public health recommendations. We observed markedly greater mortality rates in the group with the lowest BMI. After adjusting for other risk factors (e.g., hypertension, diabetes, coronary heart disease, and stroke), we observed an increased risk in all-cause mortality for individuals with a BMI <18.5 (HR 1.46; 95% confidence interval Data are expressed as mean ± SEM. FBG = fasting blood glucose, HDL = high-density lipoprotein, LDL-C = low-density lipoprotein cholesterol, SBP = systolic blood pressure, TC = total cholesterol. 1.273-1.684). This finding is extremely significant because the risk of death was higher among adult Chinese people in Kailuan Community with lower BMI, which is most meaningful for epidemiologic research on body weight and mortality. A relationship between obesity and chronic disease is well established. [13] Adipose tissue can be considered as an active endocrine organ, releasing a large number of cytokines and bioactive mediators, which contribute to the pathogenesis of many obesity-related diseases. [14] However, there is also increased mortality associated with low BMI, as observed in our study as well as others, [15] with the highest risk of death seen in those with a BMI of 15.0. [15] Thus, these observations raise an important question of why the excess risk of death was associated with a low BMI.
The term "obesity paradox" has been an emerging concept based on a survival benefit of obese patients in MI or congestive heart failure. [9] It has also been suggested that obese men with chronic diseases live longer than men of normal weight. [10] Better and more aggressive medical care and enhanced observation could in part explain the low risk of mortality in the persons with a high BMI. [10] Therefore, BMI may not accurately reflect the risk of complications in all individuals. [16] A few cohort studies have shown that even among nonobese persons with a low BMI, an increased waist circumference or waist-hip ratio (as an indicator of abdominal adiposity) was linked to a significantly increase in mortality in populations. [17, 18] This indicates that the observed excess mortality risk among lean populations with a low BMI may be because, partly, of abdominal adiposity, which cannot be assessed fully with BMI. [19] In addition, another influence of adverse causation may remain in our present study, particularly since we did not have enough information on the low standard of living condition and the presence of infections, [20] which may contribute to undernutrition and increase the risk of premature death.
In this study, we exposed an increased risk for all-cause mortality in males with a low BMI. In contrast, this phenomenon does not exist in female patients. Several explanations may be proposed to account for this sex differential in mortality. First, smoking and regular alcohol consumption are the most common risk factors for death in men, whereas psychological distress, role pressure, and less strenuous exercise are more characteristic of women. [21, 22] Thus, we hypothesized that the factors affecting the association between BMI and all-cause mortality would be different in men and women. However, the sex differential in allcause mortality related to BMI may be owing to several other Table 2 Hazard ration of all-cause mortality based on the BMI categories. Table 3 The confounding effect of age on the relationship of BMI and all-cause mortality. The confounding effect of chronic diseases on the relationship of BMI and all-cause mortality. variables between the sexes, such as hormonal balance, environment, or inherent biological factors. [23, 24] In general, women are thought to be "more fit" biologically than men, as men often behave in ways much damaging to health. Several previous studies also suggested that biological and behavioral risk factors influence the sex differences in the risk of death. [25, 26] Despite all the considerations above, it is necessary to determine the cause of the sex differences in all-cause mortality related to BMI in the future study.
A U-shaped association between BMI and the risk of all-cause mortality was observed in our present study, which was consistent with the results of several large cohort studies. [15, 27] The risk of death was higher among people with BMIs in the lower and upper categories than among those with BMIs in the middle category. A BMI of 24.0 to 28.0 (mean 26.0) among men was associated with the lowest risk of death. Although all-cause mortality was not lowest in the group with a BMI of 24.0 to 28.0 in women, the risk of death was higher than the group with a BMI of 18.5 to 24.0 or ≥28. The findings from our primary analysis do not support the use of a lower BMI cutoff value for overweight and obesity in the adult Chinese population, which contributes to the science behind public health considerations on the appropriate and optimal range of relative weight in some Chinese populations.
The present study has some limitations. First, there is a significant difference in sex distribution (79.8% men vs. 20.2% women in the current cohort). We cannot exclude the possibility of selection bias in the present study. Second, we did not collect BMI at the time of last follow-up visit. Thus, we could not examine changes in BMI over time or determine the relationship between BMI change and mortality. Third, the possibility of confounding of other chronic health conditions (e.g., chronic obstructive pulmonary disease) could not be excluded, although we had adjusted for several variables such as hypertension, diabetes mellitus, coronary heart disease, and stroke, which may minimize the effect of potential confounders. Finally, BMI has been shown to be valid in a number of populations, [28] yet the error of height and weight measurement may have possible influences on the results. Furthermore, other measures of body habitus such as waist-hip ratio or waist circumference could complement BMI in the subjects, which may contribute further to our understanding.
Our study applied the definition of ideal BMI of 24.0 to 28.0 (mean 26.0) to the Kailuan cohort and revealed a U-shaped association between BMI and all-cause mortality. Thus, both obesity and underweight were related to an increase in all-cause mortality among adult Chinese people in the Kailuan cohort. Further, Obesity may have a different influence on all-cause mortality in both sexes. Our findings may have important clinical implications regarding public health considerations on the appropriate and optimal range of relative weight in some Chinese populations, which support the argument for a single recommended range of BMI values. The sex features need to be taken into consideration in future studies.
